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ABSTRACT

Mn is an essential element that causes neurotoxicity in humans when inhaled at high concentrations.
This metal has well-recognized route-dependent differences in absorption, with greater proportionate
uptake for inhalation versus dietary exposure. Physiologically-based pharmacokinetic (PBPK) models for
Mn have included these route specific differences in uptake and their effect on delivery of Mn to target
tissues via systemic circulation. These PBPK models include components describing ingestion and
inhalation, homeostatic control (concentration dependent biliary elimination and gastrointestinal
absorption), and delivery to target sites within the brain. The objective of this study was to combine PBPK
modeling of target tissue Mn concentration and categorical regression analysis to identify Mn intake
levels (both by food and air) that are expected to cause minimal toxicity. We first used the human PBPK
model to describe blood Mn data from three occupational exposure studies, demonstrating consistency
between model predictions and measured data. The PBPK model was then used to predict concentrations
of Mn in the globus pallidus (the presumed target tissue for motor function disruption in humans) for
various epidemiological studies. With the predicted globus pallidus concentration of Mn, we conducted
categorical regression modeling between globus pallidus Mn and severity-scored neurological outcome
data from the human cohorts. This structured tissue dose - response analysis led to an estimated 10%
extra risk concentration (ERCyg) of 0.55 pg/g Mn in the globus pallidus, which is comparable to similar
values estimated by the Agency of Toxic Substances and Disease Registry and Health Canada (after
translation from external exposure to tissue dose). The steep dose-response curve below this ERCg value
may be used to inform the choice of adjustment factor to translate the ERCg as a point of departure to a
reference concentration for occupational or environmental exposure to Mn. Because these results are
based on human epidemiological data and a human PBPK model, adjustment or translation of results
from animals to humans is not required.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

absorption and elimination. However, high oral exposure levels are
reported to cause neurological effects in human populations that

Manganese (Mn) is an essential nutrient for humans, with the
main source of intake being dietary. Given its abundance in food,
Mn deficiency is uncommon. Excess oral Mn exposures are
mitigated in part by the body’s natural ability to regulate dietary
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consumed water or food with total Mn intakes of more than 10 mg

Mn/d (fwami et al,, 1994; Kondakis ot al.. 1985; Ljuny and Yahter,
2007, wl Zheng, 2015), Humans are also exposed through

mhalatlon of alrborne Mn particles from a variety of environmental
and occupational sources. In occupations such as Mn alloy
production {ferromanganese and silicomanganese), welding, Mn
metals and dry cell battery manufacture, workers may be exposed
to Mn dust and fumes {ATS0R, 2012). Due to its ability to bypass
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liver-mediated elimination, high levels of inhaled Mn are known to
accumnulate in some brain regions leading to neurological
impairment. Short-term exposure to high levels of Mn are reported
to induce portal of entry effects such as breathing discomfort, as
well as systemic responses in the central nervous systems such as
headaches, mood changes, and sleeplessness. Depending on
exposure concentration and duration, the health outcomes
reported in Mn industry workers at lower exposure levels range
from subtle and subclinical changes, such as poor performance in
various neurcbehavioral tests, to overt clinical signs, such as
altered gait, muscle weakness, mild tremors, postural instability
and various psychiatric disturbances, collectively termed ‘man-
ganism’ (Bowler et al, 2006 Guilarte, 2010y O'Neal and Zheng,
2015 Perl and Olanow, 2047). Environmental exposures, in
addition to fugitive dusts from nearby industries, include exposure
to low levels of Mn through combustion products of the anti-knock
gasoline additive methylcyclopentadienyl Mn tricarbonyl (MMT)
and Mn-containing fungicides such as Mancozeb and Maneb
(ATRDE, 2012; Gunder et ab, 2014),

1.1. Pharmacokinetics of manganese

Ingestion and inhalation are the main routes of Mn intake;
dermal intake of Mn is essentially negligible (ATSI3E, 2012).
Dietary Mn intake varies depending on the solubility of the Mn salt,
but is generally low, ranging between 3 and 5% (Aschuser and
Aschper, 2005, Davis et al, 189%; Finley et al, 1994). The
bioavailability of inhaled Mn depends on the form of Mn as well
as the size of the inhaled particles. Small sized particles -
considered as ‘respirable’ - can penetrate into the lower regions of
the lung and have greater pulmonary absorption. Relatively large
(coarse) particles deposit either in the head (nasal cavity and
mouth) or upper respiratory region and are subsequently moved
up to the trachea; particles moving up through the trachea are
swallowed into the gastrointestinal tract. Among various Mn salts,
chloride and sulfate salts are the most soluble (and hence the most
bicavailable), while oxides are sparingly soluble (Dorman et al,
2061). The most abundant naturally occurring Mn salts are oxides
(MnO, and Mn30,4) found in minerals and soils (Past, 1589),

Tissue distribution {(influx and efflux) of Mn is mediated
primarily by transporter (importers and exporters) proteins.
Among the various available importers, ‘divalent metal transporter
1' (DMT1) is the primary transporter of divalent ions with greater
affinity for Mn than Fe and is responsible for transportation of Mn*
* jons from blood to brain through the blood-brain-barrier
(Aschner et al. 20407; Chen et al, 2015 {¥Meal and Zheng
2015). These transporters are abundant in certain regions of the
brain such as the globus pallidus and basal ganglia, which may
explain the differential accumulation of Mn in these brain regions

chner et al, 3009, 2007). Another
important influx transporter is the trivalent ion carrier called
‘transferrin’ (Tf), note that Tf also transports Fe, leading to Mn-Fe
interactions in uptake ({¥Neal and Zheng, 2015), Tfis mostly found
in blood plasma and is responsible for the transfer of Mn®" ions
from blood to cells, where Mn>* ions are reduced to divalent ions
prior to uptake by mitochondria (Gunter o1 a1, 2813). In addition,
Fe and Mn can compete for the Iron Regulatory Protein-1 {(IRP1)
(rMeat and Fheng, 3015%), The efflux of Mn is a comparatively less
studied process. Recently the protein products of genes SLC30A10
and ATP13AZ2 as well as the iron transporter ferroportin have been
identified as Mn efflux transporters (Chety, 2815 Tap et al., 2011).
Mutations in SLC30A10 lead to Parkinsonian-like gate disturbances
and hypermanganesemia in humans, reflecting the importance of
this gene product in Mn homeostasis (DeWist ef al, 2013).

Each tissue contains some level of Mn: tissues rich in
mitochondria and pigments have relatively high basal Mn levels.

In general, Mn has comparatively higher concentrations in the
liver, brain and bone tissue than in other tissues. Rodent and
primate inhalation exposure studies have demonstrated that brain
tissues showed higher partitioning compared to other tissues
(Borman e al, 2004, 2006; Normandin et al, 2002; Saleli & al,
20433). Further, Mn exhibits preferential uptake within various
brain regions. Brain magnetic resonance imaging (MRI) inves-
tigations of Mn-exposed workers found a higher pallidal index
relative to healthy subjects, indicative of higher levels of Mn in the
globus pallidus than in other brain regions (Jiang ot al,, 2007 Kim
ef al, 3005 L1 et al, 2014). X-ray fluorescence imaging studies
{XRF) demonstrates that regions of the brain containing high levels
of Fe also contain high levels of Mn ({'Neal and Zheng, 201%),
Similarly, pathological evaluations in patients with manganism
found consistent damage in the globus pallidus across all these
patients, consistent with Mn-induced neurotoxicity (Peri and
Olancw, 2007). In addition, Mn exposure has been demonstrated to
alter neurotransmitter and metabolite concentrations, including
dopamine, dopamine metabolites, such as 3,4-dihydroxyphenyl-
acetic acid (DOPAC) and homovanillic acid (HVA), and GABA, in rat
brain. Suggesting alterations in neurotransmitters rather than
dopaminergic neurons ({¥MNeal and Zhepg, 2015%), Typically,
background levels of Mn in human brain range between 0.3-
0.7 pg/g of wet tissue {Dnuglas of al, 2000),

The primary elimination pathway of Mn is biliary elimination.
Mn becomes concentrated in the bile and is moved into the small
intestine where it is subsequently excreted primarily in feces;
relatively small amounts are eliminated through urine ({rossgrove
and Zheng, 2004; Davis et al, 1993 Malecki ot al,, 1998). Inducible
biliary elimination in conjunction with controlled gut uptake (a
homeostatic mechanism) regulates Mn levels in the body (i.e. by
reducing absorption from the gut and increasing the rate constant
for elimination in bile). Brain tissues show slower clearance rates
than liver or kidney tissues (Urassgrove and fheng, 2004), In
humans, the half-life of Mn is tissue dependent. Following
intravenous >*Mn tracer injections, the half-life for whole-body
clearance is 37.5 days and for the head, including bone, is 54 days

(Cotzias er alb, 1968),

e

A

1.2. Mn PBPK model for humans

The main goal of constructing a physiologically based
pharmacokinetic (PBPK) model of Mn is to facilitate quantitative
estimation of Mn disposition in specific target tissues resulting
from both oral and inhalation routes of exposures, while
accounting for both essentiality and toxicity of Mn. To this end,
PBPK models were developed, tested against data from human
subjects, and validated to assess health risks related to integrated
exposures to Mn through multiple routes, based upon a series of
pharmacokinetic experiments involving both inhaled and oral Mn
(Andersen et al, 2018, Leavens et al, 2007 Nong et al, 2008,
20080 Schroeter eof all, 2031 Teeguarden et al., 2007a. 2007b.
2007¢). I's important to note that these models are developed to
account for body burdens from systemic circulation of Mn
through the blood as well as direct transfer via the olfactory
pathway, although the contribution of this pathway for delivery
to target tissues within the midbrain is considered relatively
insignificant (fLeavens ef al., 2007).

PBPK models were first developed for adult rats, subsequently
extrapolated to monkeys, and then to humans. These PBPK
models have liver, lung, nasal cavity, bone, blood, and brain
compartments, which are interconnected by the blood compart-
ment. The brain is further divided into four regions representing
globus pallidus, cerebellum, pituitary gland, olfactory bulb and
brain blood (Fig. 1). Remaining body tissues are combined into a
single compartment — ‘rest of body’. In-depth characterizations of

ED_002191_00008781-00002



228 S.P. Ramoju et al. / NeuroToxicology 58 (2017) 226-237

Inhalation
v ap
.l Lung & Rose
ac
v :
sensexedp) &
Oifactory Bulb
ka
SUBQ B+Mng Mn,
convonselp kd
k‘m ' l' km&
Qbrn
Brain Blood
[ &
'g kin k4 kcut kin o kaut kin \ koui .g
g Globus Pallidus Pituitary Cerebellum fg
ka ka ka oy
§ B+ Mn, g Mn, B+ Mn ¥ Mn, B+ Mn, ¥ Mn, 2
£ d i P g
¢
= <
Bone
ka Qbone
™
B+ Mn o2 Mn,
kd
Rest of body
ks Qbody
B+ Mn, o> Mn,
kd
Liver
ks QllV
. B+ Mn—® Mn
D’et ...'.,.“,.‘".‘."':..'."'.F.&r.;""".1 f‘k;-. b '.Qll.!ll;l;'!!"!O:‘.lll!!l'.llillli.' ‘P
: fety . . :
1-Fdietup ¢ P : 4 * :
4 i Bile : i Fp
Gut Lumen L, K K, ¥
E E i..lh!l'!. Pemonea‘
E, e : : 4 Cavity
ent f w 8
. 4 L.  lowerGitract
Bymns 30!.!0.".!%
Lumen H
Gut Eplthelium T :
H k :
' 3 feces A TTTTTTTYTTS o Feces
: kem H

Fig. 1. Human PBPK model structure describing the Mn pharmacokinetics in various tissue compartments, as shown in of Schroster et 2l (2011 ). In each compartment, B:
tissue binding capacity, Mnf: free Mn, Mnb: bound Mn, Ka & kd: association and dissociation rate constants, kin and kout: influx and efflux diffusion rate constants, QP, QC, and
Qtissue: pulmonary ventilation, cardiac output, and tissue blood flows; Fdietup: fractional gut absorption; Fent: fractional enterocyte storage; Fip: fractional 1P dose
absorption constant; kGI: transfer rate from gut lumen; kent: enterocyte sloughing rate; kfeces: elimination rate constant through feces; kIP: transfer rate from peritoneal

cavity to liver.

various physiological parameters for these models and technical
details of model development including uncertainty analysis are
described elsewhere (Nang et al, 2009, 2008, Schroster et al,
01T, Taylor et al, 2042).

The underlying biological mechanisms of these models are as
follows; Mn absorbed via food or air or water is distributed in the

body as free Mn and is bound to tissues (known as compartments
for modeling purposes); levels of bound Mn are determined by
tissue specific binding rate constants (association and dissociation
rate constants; k, and kg, respectively) and binding capacities;
differential diffusion (influx and efflux rate constants) is main-
tained across various tissues (such as preferential increase of Mn in
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certain tissues under high inhalation exposure conditions); and,
most importantly, a robust homeostatic mechanism is in place
through dietary absorption and biliary elimination to maintain the
basal tissue Mn levels for dietary intakes. Under normal conditions
(dietary exposure only and with no or minimal inhalation
exposures), basal tissue Mn is mostly in the bound form (for
example, the fraction of bound Mn in the human brain is around
80%). Under excess inhalation exposure conditions, with saturation
of homeostatic controls (dose-dependent biliary elimination and
tissue binding capacities), free Mn levels in various tissues start to
disproportionately increase (Scviyrneter et ab, 2011),

The PBPK models indicate that a nonlinear relationship exists
between increases in Mn in air (MnA) and globus pallidus Mn
(MnGP), and that an increase in MnGP above basal concentrations
is expected when air Mn levels increase above 10-100 pg Mnjm3
(Tavior et al, 2012). Clinically, use of magnetic resonance imaging
(MRI) and spectroscopy (MRS) allow assessment of Mn concen-
trations in the brain as well as neurotransniitter levels providing
non-invasive information on exposure-response relationships
with respect to central nervous system toxicity (¥ Neal and Zheng,
2015).

1.3. Objectives

Increases in brain Mn especially in regions such as substantia
nigra, globus pallidus and striatum occur in occupational and
environmental exposure studies. Higher levels of Mn in these brain
regions result in oxidative stress-mediated neuronal injury causing
several neurological conditions associated with motor and
cognitive functions, collectively termed ‘manganism’. Symptoms
of manganism include rigidity, tremor, dystonic movements and
bradykinesia, similar to Parkinson’s disease (PD) (Cersasimng and
Koller, 2006; Guilarte, 2010, Oanow, 2004). MRI investigations
suggest that globus pallidus is the primary site for increased Mn
concentration in subjects occupationally exposed to Mn such as
welders and smelter workers (iim et al, 2005). Therefore,
increases in Mn above normal levels in the globus pallidus should
be the most relevant and sensitive metric for human health risk
assessment. Our working hypothesis is that there is a threshold for
Mn neurotoxicity related to the no-observed-adverse-effect-
tissue-concentration (NOAEtC), or, equivalently, to the maximum
air Mn concentration associated with NOAEtC, that avoids
significant increases of Mn above basal levels in the globus
pallidus. The objectives of the study are to identify the NOAEtC and
the maximum air Mn concentration associated with it across
multiple human epidemiological studies of manganese exposure
using PBPK and categorical regression modeling.

2. Methods

Our methodological approach to characterizing tissue-dose
response involved the following steps. First, occupational epide-
miological studies with well-characterized exposures and out-
comes were identified. Second, a PBPK model was used to estimate
the increases in Mn in target tissues under the reported exposure
conditions of selected studies. Third, a dose-response analysis was
conducted using categorical regression {Milton et al, 2018) to
establish the target tissue concentration corresponding to a
minimal or negligible risk level (equivalent to the NOAEL)
associated with health effects. Exposures (manganese in air)
associated with this no-risk-tissue-dose can then be proposed as a
safe reference value under given exposure conditions {(whether
ambient or occupational). Detailed information on the model and
relevant physiological parameters is available at the following US
EPA website: hitp://www.regulations.gov/, identified by docket
number EPA-HQ-0OAR-2004-0074.

2.1. Selection of human studies and assigning severity scores

Details on literature search methodology and inclusion/exclu-
sion criteria for construction of a database for conducting a dose-
response analysis (Categorical Regression analysis) of Mn-induced
health effects were described by dMattison ot al. {20171 In the
present analysis, human occupational inhalation exposure studies
focusing on understanding the relationship between well charac-
terized Mn exposures and neurological manifestations were
included (see Tabiz 2 for a listing and characteristics of the
studies). All studies were cross-sectional in nature.

2.2. PBPK modeling of human studies

The PBPK model is represented as a system of differential
equations: solving these equations yields the time course (time
versus concentration plots, as an example) of Mn in different
tissues represented as compartments. A description of the model
structure as well as the equations and constants associated with
various kinetic processes is provided in Fig. 1. The complete
computer code of the PBPK model was acquired from developers in
its original form as described in the technical publication by
Schroeter et 3l (3011, The original PBPK model code was written
in Advanced Computer Simulation Language (ACSL) and was
executed as a .csl file; study-specific scripts were developed and
edited in MatLab and executed as .m files. Both .m and .csl files
were executed in the AcslXtreme software environment (version
3.0.2.1, Aegis Technologies Group, Inc,, Huntsville, AL). All model
parameter values were identical to those used in the published
model.

2.3. Study-specific PBPK model inputs

For estimation of tissue levels using a PBPK model, the
following exposure group specific inputs are required: Mn
concentration and particle size distribution of the workplace
environment, exposure duration, and lung deposition fractions of
inhaled air. These inputs are described in more detail below.

2.3.1. Exposure concentration and duration

Average (arithmetic mean or AM) Mn concentration and
average {AM) exposure durations of each exposure group as
reported in the original publication were used. All air dust
measurements were based on personal sampling. We considered
Mn content only in the respirable dust fraction; respirable fractions
as reported in the original publications were used.

2.3.2. Lung deposition fractions

Information on the size of dust particles inhaled and the
breathing pattern of the subjects is necessary to understand the
deposition of particles in different regions of the airways. Particle
size distribution (PSD) of airborne dust is occupation- or
workplace-specific (1EH, 20(4), and appropriate PSD data is
needed for estimating lung deposition fractions of the exposed
workers. However, none of the selected studies reported particle
size measurements of the workplace environment, We conducted
a literature search and identified studies that reported PSDs based
on personal cascade impactor measurements from workplaces
similar to those in our selected studies. Based on these study
reports, we collected occupation-specific PSD information either
as reported, or made assumptions, where necessary. For
simplicity, various tasks performed by subjects from selected
studies were categorized into three types of occupations i.e.
welders, ferroalloy production workers, and dry-cell battery
workers. A list of PSD data (particulate mass median aerodynamic
diameter or MMAD, and geometric standard deviation or GSD) of
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Table 1

Particle size distribution (PSD) data of the three occupation types considered in the current analysis and respective MPPD model-derived (MPPD version 2.1, Applied Research
Associates, Inc., NM) deposition fractions in various regions of the human respiratory tract.

Occupation Type MPPD Model Inputs Estimated Airway Deposition Factions"
MMAD* Gspt Head (H) Tracheobronchial (TB) Pulmonary (P)
Ferroalloy workers 2.6° 4.5* 61.8% 3.7% 7.3%
Welders 0.334 4.04 211% 9.8% 20%
0.54¢ 2.4% 24.5% 6.6% 15.1%
Battery workers 5 3% 82.4% 21% 6.1%
2 MMAD = mass median aerodynamic diameter.
® (SD=geometric standard deviation.
¢ PSD data of particles in the size range of 0-10 pm collected in two ferroalloy smelters - as reported in Table 3 of Bext
d

e

f Median cut point for the respirable dust fraction as reported in
¢ assumed.

PSD data of flux-cored arc welding (FCAW) fume particles (size range 04 to>5.8 um) - as reported in Table 4 of jey
PSD data of manual metal arc welding (MMAW) fume particles (size range 0.02-16 pm) —
A {1595 and Roels ¢

estimated based on Fig. 2 of Bey
s 3l {31899} battery worker study.

" MPPD model running conditions: Human Yeh/Schum symmetric lung+20 breaths/min+1.25L tidal volume +oronasal-mouth breathing +inhalability adjustment

OFF + remaining parameters were defaulted to the airway morphometry model.
each type of occupation, along with assumptions, where
appropriate, is provided in Table 1.

Respiratory tract deposition fractions were estimated using the
publicly available Multiple-Path Particle Dosimetry model (MPPD
version 2.1, Agitvel and Asgharian (1995}, Applied Research
Associates, Inc,, NM). This model can be used to estimate
deposition fractions in both human and rat airways for particles
ranging from ultrafine (0.01 wm) to coarse (20m) particles
(Asgharian et al, 2001). To run the MPPD model, species-specific
lung geometries, ventilatory rates (specific to subject’s activity
level)and PSD of inhaled dust are required. The human Yeh/Schum
symmetric lung model was selected as an airway morphometry
model type. Light exercise with 20 breaths/min, 1.25 L tidal volume
and oronasal-mouth breathing was assumed to represent activity
level (fCRP, 1984). Since inhalability for respirable particles
(<10 wm) is around one, the inhalability adjustment was turned
off (ITRP. 1994 ). Remaining parameters defaulted to the selected
airway morphometry model. Tabic 1 summarizes the estimated
deposition fractions {MPPD model outputs) in the head, tracheo-
bronchial and pulmonary regions.

Other parameters such as exposure length (8 h/day & 5days/
week), basal diet Mn levels (3 mg/day, which is calculated from
adequate daily intakes of 1.8-2.3 mg/day recommended for adults
by Aschner and Aschper {2(303)), and average body weight (70kg)
were held constant across all study simulations. Each study was
simulated by running the model from the beginning of the
exposure period (time =0, including acclimatization period) to the
end of exposure (here, the point at clinical outcomes were
evaluated). For each study or exposure group, the tissue dose
metric relevant for dose-response analysis — the globus pallidus
Mn (MnGP) concentration at the end of exposure (EoE) - was
collected. The parameter values of the PBPK model specific to each
study are presented in Tabie 2,

2.4. PBPK modeling with exposed humans

The models were tested by simulating additional studies that
reported whole blood Mn levels, and comparing the model-
predicted blood Mn (MnB) levels with those experimentally
measured in subjects from the same study. The first dataset used
for validation was based on the data reported by Baker ot al, {2014}
who collected data on air Mn and blood Mn from 24 publications.
For the present purposes, data on mean MnB and mean air Mn
(MnA) of eight welder exposure groups identified by Baker et al.
; ; Hingsen et al, 2006 larvisaic of al, 1882,
: $ r et al, 20086) were extracted, The second
dataset was based on subjects employed in two ferroalloy plants
{(Apuostoll et 3k, 2000). Individual data on air monitoring as

reported in this study, used as model input (extracted from Fig. 4 of
Apostoli ot al. (2000)). The final dataset (Roels ot 31, 1987) included
mean MnA levels in eleven workplaces at a Mn oxide and salt
producing plant, and mean MnB levels of the workers at these
workplaces. All three datasets contained multiple exposure levels
allowing the model to be tested across a range of exposure
concentrations,

2.5. Tissue dose — response analysis

A tissue dose - response analysis (regression analysis) was
performed using the CatReg tool (version 2.3), a software program
developed by the US Environmental Protection Agency (US EPA). A
key feature of CatReg is its ability to analyze data andjor results
from multiple studies simultaneously (L15EPA, 2806). Combining
information across multiple studies allows the users to consider
both dose and duration as contributing factors when estimating
toxicity. The dose - response curves provided by CatReg calculate
the probability of severity as a function of dose and time. CatReg
provides an estimate of the Extra Risk Concentration (ERC,),
defined as the dose, ¢, for which the probability of an adverse effect
of severity level s or greater due to exposure for T hours is g
(0 <g<1). As an example, suppose T=100days and q=0.10. The
ERCyq is the dose for which the probability of an adverse effect of
level s or higher due to exposure of 100 days is 0.10.

Duration of exposure and tissue dose {see Tables 1 and 2,
respectively) in each selected study are used as predictor variables
to establish the relationship between toxicity and globus pallidus
Mn concentration at the end of exposure, In the CatReg interface,
the logarithm { base ten) transformation was selected for both dose
and duration of exposure to obtain the best fit (as guided by
model’s p-value and R? statistic). The two predictor variables are
thus defined as

Xy = logyo(EOE Globus Pallidus Mn concentration)

and

Xp = logyo(Duration of Exposure).

Each exposure group (see Table 1) received a single severity
score {SS) corresponding to the highest SS assigned for any
significant outcome in that group. Fitting a categorical regression
maodel in the traditional sense with multiple levels of severity was
challenging in this application: sufficient data is needed to
populate each severity level and, quite often, the literature is
unable to support a complex severity scoring matrix. A multi-level
matrix for scoring the severity of Mn health effects was developed
and described by Mattison et 3l (2017}, Rather than focusing on a
multi-level severity score scheme, a binary scheme was used in the
present analysis, as was done by Bkiilton et al, (2018) in their
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Table 2
Summary of selected epidemioclogical studies.

Study® Setting® Size TOTAL  RESP Duration Sampling’ Significant Qutcomes® S5
(N)* MnA®  MnA®  (years)
(hg/  (pg/m?)

m3)
FeMnand 100vs AM 753 AM 64 AM 20 Personal  Motor function and tremor (Static steadiness and 6
SiMn alloy 100 GM 301 GM 36 Range tremor frequency test).
plants Range  Range 2.1-41
9- 3-356
11457  RyI
10.6%
FeMn Alloy 61vs AM 176 AM 67 GM 15.7 Both Irritability, equilibrium loss, difficulty to direct to a 6
plant 87 GM 54 GM 17 fixed point on the first questionnaire; Tremor analysis,
Range  Range Motor function tests; Cognitive function tests.
5-14%0 1-670
R/T
40-60%
FeMnand 74vs AM AM 122 16.7 Stationary Motor function tests; Cognitive function tests; 6
SiMn alloy 74 1186 GM 35 (4£3.2) Neuromotor, musculoskeletal and sensory symptorms;
facility GM 225 Range Mood states.
Range 1-1273
14~ R/T
11480  12-35%
FeMnand 509vs AM 800 Median 18.2 Personal  Some “weak and unconvincing evidence for exposure 0
FeSi alloy 67 GM 300 58 (£76) effects” was found — “essentially a negative study”
plants Range  Range
0-5100 3-510
R/I NR
Shipyard 120 vs AM 238 NR AM 135 Personal  Cognitive function and 6
welders 96 GM 121 R/T Range 1-40 Motor function tests (finger tapping, foot tapping tests
Range  ~100% etc.).
7-2322
Bay Bridge 43vs AM 210 NR AM Both UPRDS scoring, bradykinesia, and several cases of 7
(3007, Park el gl { welders NO Range R/TNR 16,5 months manganism; hand tremor test; clinical depression and
10-380 Range 6- anxiety; Cognitive tests and Motor function tests.
28 months
Raels ot gl { 1992} A dry 92vs AM AM 301 AM 53 Personal  Simple visual reaction time, eye-hand coordination, 6
alkaline 101 1780 GM 215 Range 0.2- hole tremor meter test, and audio verbal short-term
battery GM 948 Range 172.7 memory test.
plant Range  21-
46~ 1317

10840 R/T NR

Gibbhs ot al. {1999 Mnmetal 75vs AM 180 AM66 AM 12.72 Personal  No significant differences in any cutcomes assessed, 0

production 75 GM 110 GM 36 (£+9.85) compared to controls.
facility Range  Range
28-800 5-230
R/T NR

Abbreviations: AM = Arithmetic Mean; GM = Geometric Mean; R/T or R/I=Respirable fraction in Total or Inhalable dust, respectively; NR =Not Reported; SS =Severity Score.
@ Publications associated with this Study.
b Occupational setting.
¢ Number of subjects — exposed vs unexposed — Bowler f gb {20078 study had no control group.
4 Mn concentration measured in total dust — except for Ellingsen et al. and Myers et al. study that reported Mn measurements in inhalable dust.
® Mn concentration measured in respirable dust, as reported — along with respirable fraction, as reported.
f Type of samplers used for air Mn measurement — personal or stationary or both.
® Neurological outcomes that were reported as statistically significantly different in exposed group compared to unexposed groups.
h Maximum severity score assigned to the exposure group.

analysis of a copper toxicity database. Health outcomes scored 0, 1, 3. Results and discussion
or 2 are re-labelled as ‘0, while outcomes scored greater than or
equal to ‘3’ are re-labelled as ‘1.” Therefore, the response variable 3.1. Study selection and severity scoring
(Y) for the categorical regression analysis is
As establishing a relationship between dose and neurological

Y, = {?:}Fg i 5 outcome was the main goal of the current analysis, only peer-

reviewed articles that had well documented air monitoring data

The probability of a severity score greater than or equal to two {e.g. and characterization of associated clinical outcomes were includ-
Y;-1), predicted by the logarithm base ten transformed tissue dose ed. Most of these studies were also independently selected for use
and duration of exposure, is expressed as: in the derivation of occupation exposure limits by regulatory
authorities. A summary of the studies used in the current analysis

PY;=1) = exp(fo + i + Po¥n) is provided in Talie 2. In all these studies except Howler et al.
T T rexp(By + Brxin + PoXi) {30471, clinical outcomes in an exposed group were compared

with those in an unexposed control or referent group.
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Neurological outcomes {as reported in the original publication)
from each study were evaluated using the 9-point severity
scoring system developed by Mattison et al {2017}, with
SS=0 corresponding to a homeostatic response and
SS=9 representing a fatal outcome. Scoring of neurological
outcomes (only those that were reported as statistically signifi-
cantly different in exposed compared to referent or unexposed
group) was performed by a group of scientists with expertise in
toxicology, epidemiology and medicine. A list of health outcomes
assessed attributed to the exposures in each group and the
maximuin severity score assigned to each exposure are shown in
Table 2.

3.2. Testing PBPK model results against measured human blood Mn

The ability to appropriately predict the tissue Mn levels
measured in epidemiological studies provides biological confir-
mation of the structure and parameterization of the PBPK model.
The validation of the PBPK model against the empirical data is
crucial for its application in risk assessment (WHG/UPCS, 2010), A
PBPK model that compares well with empirical data allows
researchers more confidence in predicting Mn concentrations in
critical, though inaccessible tissues such as brain.

In general, comparison of PBPK models predictions against
experimental values of internal dose relevant to risk assessment
would be preferred. However, in the current context, comparison
of PBPK model against human globus pallidus Mn concentration
data was not be feasible due to the lack of appropriate data in the
literature. Alternatively, blood Mn concentrations are reported in
several human Mn exposure studies; therefore, as a pragmatic
approach, blood Mn data was used as the tissue of choice to test the
performance of model simulations against measured Mn levels.

Based on several studies involving welders, ferroalloy smelter
workers and battery workers, whole blood Mn (MnB) appears to be
a relatively good indicator of current (ongoing) exposures and can
be used to distinguish exposed from unexposed subjects (Baker
ef al, 2074, Smith et al, 2007 Zheng et al, 2011). It is emphasized
that these PBPK models in rats and monkeys were developed based
on extensive PK data from a variety of tissues for many exposure
conditions. The model behaviour was not developed based on the
ability to predict or simulate blood Mn; however, all tissues in the
model were connected by a blood compartment that had predicted
Mn concentrations.

Visual inspection of model simulations shown in Fig. 2 indicates
that the model-predicted MnB data is within the range of
measured MnB values, with model output adequately reproducing
the positive association observed between measured MnA and
MnB values across all three studies. It's important to note that fora
given dose, inter-subject variation in MnB exists; the current PBPK
model cannot reflect these differences, but predicts an average
dose-response relationship for the exposure situation in individu-
als with a specific set of parameter values.

Additionally, Schroeter et 3l (20117 have shown that the PBPK
model appropriately simulates whole body Mn tracer kinetics data
of Mahoney angd Small {1968) and plasma concentration data of
humans receiving variable Mn diets from Freeland-Graves {1894)
study. In summary, these findings indicate that the behaviour of
the current Mn PBPK model should be adequate for tissue dose
estimation from the human studies.

3.3. Modeling of selected studies and prediction of globus pallidus
tissue doses

All selected studies were successfully simulated and tissue doses
at the end of exposures (EoE) predicted. A summary of study-wise
exposure conditions and model-derived tissue concentrations (EoE
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Fig. 2. Comparison of PBPK-model predictions (lines represent simulations based
on data provided by authors of the cited studies) with measured blood manganese
concentrations (as reported by the author of cited study) in welders: Figure A —
simulations based on mean MnA and exposure duration data of Bakey «t ¢ i
ferroalloy smelter workers: Figure B — based on individual MnA data of Apastoi
et 4l (2000} and Mn oxide salt production workers: Figure C — based on mean MnA
data of Buels ¢ % In these simulations, respirable fractions were 100%
(according to Peschet & 21), 35-50% (as per original study) and 25% (assumed),
respectively, of total dust. Note that for a given Mn exposure, inter-subject variation
in MnB does exist; however, the current PBPK model cannot reflect these
differences because it is deterministic. The Mn PBPK model predicts an average
dose-response relationship for the exposure situation in individuals with a specific
set of parameter values.

MnGP) is provided in Takie %, Key considerations or assumptions in
modeling of these studies are discussed below.

Note that the study-specific model input values were entered as
group level data, with each value, being an aggregation of the
whole group. Consequently, the resultant tissue dose value applies
to the group, not to each subject. This approach is consistent with
that used during severity scoring of study outcomes (Mattison
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Table 3
Summary of model inputs and estimated globus pallidus Mn concentrations of each selected epidemiological study.

Key Study Exposure Duration  Fraction (%) of Inhaled Dust Fraction (%) of Inhaled Dust Mn conc. in End of Exposure Mn
(years)® deposited in Head” deposited in Lungs® Respirable Dust conc. in
(Resp MnA) (jLg/m?)?  Globus Pallidus (EoE
MnGP)
(g/g wet tissue)
Model DSTop FDEPNO & FDEPNR FDEPLU DINH CTOTST
Parameter:
HPetteesen ot @b 202 61.8% 11% 64 0.532
15.7 61.8% 11% 67 0.537
16.7 61.8% 11% 122 0.612
18.2 61.8% 11% 58 0.522
135 211% or 29.8% or 238 0.671
24.5% 21.7%
1.375 21.1% 29.8% 190 063
24.5% 21.7%
5.3 82.4% 8.2% 301 0.809
12.7 82.4% 8.2% 66 0.558

2 Total number of exposure days were entered as exposure duration input; exposure duration is the difference between start of exposure (DSTART; DSTART = 100 was set to
run the model for an ‘acclimatization period’ of 100days with subjects only on diet and no inhalation exposure) and end of exposure (DSTOP) - also, for all simulations,
exposure days per week (DAYSON=5), h of exposure per day (TLEN =8) were used.

b MPPD model output of head deposition fraction - this fraction was divided to offactory fraction (FDEPNO) and respiratory fraction (FDEPNR) by 95:5 ratio (5¢
20,

© Sum of estimated pulmonary and tracheobronchial deposition fractions.

4 Arithmetic mean Mn concentration in respirable dust, as reported - for welder studies, 100% welding dust considered as respirable (Pesch et sl Z{12).

¢ Types of welding fumes reported for both Eingse (2008) and Bowler ot al (Z007E) study welders were shielded metal arc welding (SMAW) and flux-cored arc
welding (FCAW) - therefore average of tissue doses estimated based on both types of PSD were used.

T Task/occupation-specific PSD data for Gibs et ab {1899} study subjects was unavailable, thus deposition fractions of battery workers was assumed.

et al, 317), In the severity scoring exercise, a single severity score
was determined based on the mean response of an exposure group
rather than on individual response, and the same response is
assigned to the entire group. Use of individual exposure data rather
than group level data for predicting tissue Mn levels, and
combining them with individual response data, would improve
confidence in dose-response analysis results. However, individual
level quantitative information in the selected studies was
unavailable,

Across all studies, average exposures of a group were reported
as arithmetic (AM) and/or geometric mean (GM). Since use of AMs
for characterizing the average exposure of a group is recommended

over GMs for dose-response analysis purposes (Crismg, 19938), we
estimated target tissue concentrations in the globus pallidus
associated only with reported arithmetic mean Mn concentrations
of each exposure group.

The estimated MnGP in unexposed groups was 0.4 ug/fg; this
value represents that achieved with a constant exposure to
background oral intake of 3 mg Mnj/day in the absence of Mn
inhalation,

Model simulations showed a half-time of approach to the new
steady state of about 40days. Resulting from the simulated
inhalation exposure scenario (8hr/day, 5 days/week), a pattern of
within-week (day-to-day) variation in tissue Mn levels was

Globus Fallidus Mn conoentration (7R}

s 200 459 &6t ann 1,063 1,250 1,400 1,649 1,860

Durstivn {days)

Fig. 3. PBPK simulation of Mn concentration - time profile of globus pallidus in welders under an exposure scenario as reported in Rogi 1.{3%492) study. Model simulations
(line) of Mn globus pallidus (MnGP in p.g/g) concentration in battery production workers exposed to Mn via inhalation (301 jug Mn/m? air for 8 h per day and 5 days per week)
and via diet (3 mg Mn in diet per day; continuous exposure) for a period of 5.3 years. The inset picture shows the repeated within-week (day-to-day) variation in tissue Mn
levels after reaching steady-state.
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Probability of Ssverity Score 2 3

Logia Min concentration fn Globws Pallidus {peled

Fig. 4. Tissue dose — response relationship (CatReg model) of neurological
outcomes based on selected Mn epidemiological studies using globus pallidus Mn
(MnGP) as predictor variable. The CatReg model is shown with MnGP corresponding
to an extra risk of 10% (ERCyp), after 5 years of exposure. The vertical line
{continuous) corresponds to the PBPK model-estimated MnGP (04 pg/g) under a
constant exposure to background oral intake of 3 mg Mn/day in the absence of Mn
inhalation.

observed, as shown in Fig. 3. Therefore, to be consistent across all
studies, simulations were designed to end on the same day of week
(specifically, the 5th day of week).

3.4. Tissue Dose-Response Analysis (CatReg models)

Categorical regression analysis of severity scores assigned to
neurological outcomes from eight epidemiological studies resulted
in a steep dose-response curve (Fig, 4). The model deviance, tested
with an F-statistic, provided a p-value of 0.002, indicating there is
some relationship between the response and the tissue dose.

Moreover, R? =0.65, indicating that 65% of the variation in the data
is explained by the model.

It is possible to evaluate the CatReg models for any number of
years exposed. For the present analysis, to align with Health
Canada’s approach, CatReg models were evaluated with 5 years of
exposure duration. Health Canada’s report on human health risk
assessment of inhaled Mn (M, 28414) is based on dose-response
assessment of data of an [talian ferroalloy workers study (Lucohing
ot al, 1989), HO {20148} used two exposure metrics: “1) work history
average respirable manganese (ARE); and 2) average respirable
manganese over the five years prior to testing (ARE5). ARE5 was
investigated based on biological evidence of the clearance of
manganese from the brain over months to several years .. ..".

The ERC,, value of 0.55 ug/g may serve as a point of departure
for establishing a reference concentration (RfC) for Mn. The dose-
response curve below ERC,q is within the flat part of concentra-
tion-response relationship where Mn concentrations in the globus
pallidus are essentially constant across the wide range of Mn
exposures, Therefore, an adjustment factor of as little as 10-fold
would be adequate to obtain an RIC.

3.5. Tissue dose based risk assessment

The experimental animal studies and occupational human
studies strongly suggest a link between increased Mn concen-
trations in brain (specifically in globus pallidus) and reported
subclinical or clinical neurological outcomes in exposed subjects,
In the present analysis, this relationship has been explored for Mn
risk assessment. To date, several human occupational studies were
evaluated to assess the neurological outcomes associated with
exposure to Mn through inhalation. Various regulatory authorities
(WHO, US EPA, California OEHHA, and ATSDR) relied on a single
study by Roels o1 al. {15492} for derivation of a point of departure
and calculation of an inhalation reference value; Health Canada
used the study by Luschini et al (1999} for this purpose. In
contrast, rather than using data from only a single study, our

1.2

By

3

et ATSDR BMICLIO
< 3
9 140 pgfm®
E 0.8 Present Study f

& ERCIO 055 ugfe ™ ‘

@ 5 g

9 {~ 70 pg/m?}

S os

<

p:-

w

3

e

= 04

I i

a i

W

E: !

L 02 f

[ Health Canada BMCLOS

20 pgfm?®
G :
0.001 Q.01 .1 1 10 100 1000

Min concentration in Air {pg/m®)

Fig. 5. Predicted globus pallidus Mn concentrations following exposure to 0-1000 g Mn/m3 in air for 8 h/day, 5 d/week up to 5 years. The shaded region represents
background MnGP range based on human autopsy reports of *healthy’ subjects. Also shown are PODs used by ATSDR {2012} and Health Canada (HC, 2010) in derivation of
minimum risk level (MRL) and reference concentration (RfC), respectively.
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concentration-response model was derived using data from
multiple studies of Mn neurotoxicity. This model led to an
estimate of ERCyo of 0.55 pg/g. Further, since Mn is an essential
element necessary for proper functioning of every tissue including
brain, the question of the range of Mn concentrations found in
globus pallidus of healthy individuals and how the threshold
compares to that range was explored. In the PBPK model, basal
globus pallidus Mn concentration was set at 0.39 pg/g. However,
due to the high variation in Mn dietary intake reported in human
populations (0.7-10 mg/day, according to ATSR {2012} and WHI
{2(311}), considerable variability in background globus pallidus
tissue Mn levels is possible. In order to estimate this background
range, a literature search was conducted to identify post-mortem
studies which measure tissue Mn concentrations. Evaluation of
several autopsy studies reporting MnGP measured in ‘healthy’
individuals indicates that this range lies between 0.24-0.64 pg/g
(Andras c-t al 1":'}(»%5}‘ Bush o al, 1895; Goldberg and Allen, 1981
Klos et sl cal, 2014 Layrargues of al % Maeda
i, 1997, imcqu aL 1995). This exercise suggests that ERCyq
Mn concentration in the globus pallidus for adverse neurological
outcomes derived in the present analysis is within the ‘healthy’
range and gives increased confidence in our findings. Furthermore,
these results are consistent with a similar analysis done in non-
human primates (Schroeter et al, 20132). Schroeter et al {2012
simulated exposure scenarios from a large number of studles on
monkeys exposed to Mn by various dose routes, exposure
concentrations and durations and predicted the corresponding
concentrations in the globus pallidus using a PBPK model for non-
human primates. The reported responses were categorized using a
clinical severity scoring system to allow for dose-response
analysis. Using CatReg, an peak concentration ERCy, of 0.8 pg/g
manganese in the globus pallidus was derived for a mild response
comparable to subclinical effects measured in human occupational
studies (Schroster et al, 20132).

The PBPK model was further used to understand the air Mn
concentrations associated with the MnGP ERCyy in a typical
worker. To this end, a typical worker was as a 70 kg man exposed
continuously to 3 mg/day dietary Mn and intermittently to MnSO,4
(particles which are highly soluble in mucus and tissue). The
airway deposmon fractions were 66% in head and 14% in lungs —
based on roeter ef al, {2011} with inhalation for 8 h/day, 5 d/
week. The MnGP versus increasing air Mn concentrations (Fig. 3)
shows the inhaled Mn for increasing MnGP to 0.55 pg/g is 70 ug
Mn/m?>. For comparison, points of departure derived by Health
Canada and ATSDR in the US are indicated on the same plot.

4. Conclusion

Blood Mn concentrations predicted by the PBPK model
discussed in this manuscript fall within the range of blood Mn
measured in human studies. Using this multi-species PBPK model,
we simulated the increase in tissue Mn concentration over time in
Mn industry workers in various studies. To take into account the
effect of size of inhaled particles on lung deposition stemming
from different types of industry, occupation-specific PSD was used
in tissue dose predictions. Based on Mn exposure data from eight
epidemiological studies and in conjunction with severity scores
assigned to neurological outcomes, a tissue dose-response
relationship was developed. This analysis is the first of its kind,
providing a multi-study-based dose-response analysis of tissue Mn
concentrations associated with neurological outcomes in humans.
This analysis suggests that the globus pallidus Mn concentrations
associated with a 10% extra risk of producing any adverse
neurological responses in humans is 0.55 pg/g. Air Mn level
associated with this pallidal Mn concentration is about 70 jug Mn/
m?® under occupational settings. With further refinement of the

current dose-response relationship models, air Mn levels associ-
ated with the tissue dose ERCyy could be useful in setting or
updating regulatory standards.
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